The eight photoreceptors in each ommatidium of the Drosophila eye are assembled by a process of recruitment [1,2]. First, the R8 cell is singled out, and then subsequent photoreceptors are added in pairs (R2 and R5, R3 and R4, R1 and R6) until the final R7 cell acquires a neuronal fate. R7 development requires the Sevenless receptor tyrosine kinase which is activated by a ligand from R8 [3]. Here, we report that the specification of R7 requires a second signal that activates Notch. We found that a Notch target gene is expressed in R7 shortly after recruitment. When Notch activity was reduced, the cell was misrouted to an R1/R6 fate. Conversely, when activated Notch was present in the R1/R6 cells, it caused them to adopt R7 fates or, occasionally, cone cell fates. In this context, Notch activity appears to act co-operatively, rather than antagonistically, with the receptor tyrosine kinase/Ras pathway in R7 photoreceptor specification. We propose two models: a ratchet model in which Notch would allow cells to remain competent to respond to sequential rounds of Ras signalling, and a combinatorial model in which Notch and Ras signalling would act together to regulate genes that determine cell fate. 
Results and discussion
Transcription of the Enhancer of split (E(spl)) genes is promoted by Notch activity [4] and is therefore a good indicator of cells where the Notch receptor is activated. Through our analysis of E(spl)mδ cis-regulatory elements, we identified a 500 bp fragment, mδ0.5, which directed expression in the R4 photoreceptor, and revealed a role for Notch in selecting R4-type fates [5] . In more mature ommatidia, however, mδ0.5 was active in a second cell, albeit at much lower levels than in R4 ( Figure 1 ). This represented a subset of the endogenous E(spl) protein expression patterns (Figure 1c,d ), and indicated a second focus of Notch activity in the developing ommatidia.
In the eye imaginal disc, ommatidial development is initiated at the morphogenetic furrow, which moves across the disc from posterior to anterior [1, 2] . The clusters behind the furrow are therefore at progressively more mature stages of differentiation (Figure 1a,b) . Expression of mδ0.5 in R4 appeared in clusters close to the furrow, shortly after R3/R4 were recruited (Figure 1b,c,e) . Expression in the second cell was first detected in clusters 4-5 rows posterior (Figure 1c,e) , around the stage when R7 acquired its neural character [6] . Although Notch is involved in the development of the cone cells [7] , which join the cluster after R7, mδ0.5 activity was clearly in one of the neuronal photoreceptors and not in the surrounding Cut-expressing cone cells (Figure 1f ,h). The position of the mδ0.5-expressing cell was further clarified by staining for markers of different photoreceptor types, such as Rough (R2,3,4,5 [8] ; Figure 1f ), Dachshund (R1,6,7; Figure 1g ) and BarH1 (R1,6 [9] ; see below), which confirmed that it was the presumptive R7. The mδ0.5 fragment contains two binding sites for Suppressor of Hairless (Su(H)), a DNA-binding protein that is pivotal in Notch signal transduction, and its enhancer activity is dependent on both Su(H) and Notch ( [5, 10, 11] and see below). Expression from mδ0.5 in R7 suggests therefore that Notch is activated in this cell.
If the expression of mδ0.5 is indicative of an important function for Notch in R7, we might expect to change R7 specification by manipulating Notch activity. Previous experiments targeting expression of an activated Notch (N act ) to photoreceptors did give rise to ommatidia with extra R7-like cells and fewer 'outer' photoreceptors ( [12] ; note that R2,R5, R3,R4, R1,R6 are outer receptors, R7 and R8 are the central inner photoreceptors [1, 2] ). At the time, there was no indication that Notch normally had a specific role in R7 and the initial interpretation was that ectopic Notch activity in R3/R4 hindered their differentiation, causing them to be redirected towards later fates. It became clear subsequently that R3/R4 photoreceptors persist under these conditions, although the normal distinction between R3 and R4 is lost [5, 13] . Nevertheless, we could clearly reproduce the phenotypes of extra R7 cells using both limited N act expression in R3,R4, R1,R6 and R7 (via the sevenless enhancer; sev-N ∆ecd or sev-Gal4/UAS-N icd ; Figure 2a ,e) and ubiquitous N act expression (induced by heat-shock enhancer; hs-N icd ; Figure 2b ,f). These manipulations gave rise to adult eyes containing ommatidia with 4-5 outer cells and up to three R7-like cells (Figure 2a ,b,e,f) although some ommatidia had only one or two R7 photoreceptors (Figure 2a,b) . Mutant ommatidia with fewer photoreceptors could have arisen because some cells with high levels of N act became cone cells, as indicated by the co-expression of mδ0.5 and Cut in a few cells (Figure 2h ). Reducing Notch activity caused the opposite transformation. In eyes from N ts animals that had been exposed transiently to the non-permissive temperature, several ommatidia lacked an R7 cell and had an extra outer photoreceptor (Figure 2c,g ). Therefore, the phenotypes of reduced and ectopic Notch activity both indicate that Notch activity is involved in R7 specification, transforming it from an outer cell fate.
To investigate which outer cell fates are transformed by Notch activity, we analysed the effects of ectopic Notch (sev-N ∆ecd or sev-Gal4/UAS-N icd ) on proteins that are expressed in a subset of photoreceptors. Expression of BarH1 (R1,6, Figure 3 ; [9] ) was lost from most ommatidia (100% sev-N ∆ecd ; 72% ± 2 sev-Gal4/UAS-N icd ; Figure 3c ) but was not changed in the undifferentiated cells of the epithelium (Figure 3d ,e). In 17.5% ± 9 of clusters from sev-Gal4/UAS-N icd eye discs, only one of the two R1/6 photoreceptors had lost BarH1 expression, and it often corresponded to a cell with higher levels of mδ0.5 expression. This negative regulation of BarH1 was recapitulated by ectopic expression of E(spl)Mδ itself (sev-Gal4/UAS-E(spl)mδ), which resulted in 43% ± 7.5 ommatidia with only one BarH1-expressing cell, although they contained the normal complement of photoreceptors ( Figure 4a ). The effects on BarH1 suggest that the role of Notch is to distinguish R7 from R1,R6, which implies that there should be extra BarH1-expressing cells when Notch activity is reduced, indicating a transformation of R7 to R1/6. This was indeed the case; a row of ommatidia with three BarH1-expressing cells (27% ± 3.5) was formed when Notch activity was perturbed in N ts larvae (Figure 3b ).
For Notch to be activated in R7, there needs to be a nearby source of ligand. Delta distribution is consistent with it being a ligand for Notch activation in R7, as it appears in photoreceptors R1/6 and 7 at the appropriate stage ( [14] and Figure 4d ). Delta transcripts are initially higher in R1/6 than in R7 [14] . This differential would influence the direction of signalling. When the distribution of Delta was altered experimentally (sev-Gal4 + UAS-Dl), expression of mδ0.5 was detected ectopically in R1/6 and most clusters lacked one or both BarH1-expressing cells (Figure 4b ,c and see [15] ). This is in agreement with the adult phenotypes observed for Delta misexpression, where ommatidia have fewer outer photoreceptors [15] . Conversely, reductions in Delta function result in extra outer photoreceptors and loss of R7 [14] .
The expression of mδ0.5 and the effects we observed from manipulating Notch and Delta expression indicate that Notch activity is required in R7, and that it transforms R7 from R1/6 type fates. Further support for the latter comes from observations of two other genes that are expressed in specific photoreceptors; seven up (svp, R3,4,1,6), and prospero (pros, R7 and cone cells) [16] . Ectopic N act has been shown to inhibit svp expression in R1/6 and to activate pros expression in two extra cells, consistent with a change in cell fates from R1/6 to R7, although no specific role for Notch in R7 has been extrapolated from these results [16] . Given the stage at which manipulations in Notch affect R7 fates, and the effects on BarH1, svp and pros, it appears that Notch is normally activated in R7 shortly after recruitment where it promotes differences between R7 and R1/R6, regulating svp, pros and BarH1 either directly or indirectly.
The role of sevenless and the Ras signalling pathway in specifying the R7 photoreceptor is well established [3] . Here, we report that Notch activation is also necessary for R7 formation. This combined role of Notch and Ras signalling appears different from other characterised intersections between these pathways, where Notch is most commonly involved in antagonising the Ras pathway to limit the Brief Communication 1509 Effects of E(spl)Mδ and Delta and two alternative models for Notch in R7 specification. (a) Ectopic E(spl)mδ (sev-Gal4/UAS-E(spl)mδ ) resulted in modest loss of BarH1 expression (BarH1, blue; Elav, green; arrows mark ommatidia where BarH1 expression is missing from one nucleus). (b,c) Ectopic Delta (b) prevented BarH1 expression in most clusters (BarH1, blue; Elav, green) and (c) caused low levels of ectopic expression from mδ0.5 (mδ0.5, red; Coracle, blue). (d) In the wild type, Delta-lacZ expression could be detected in R1/6 (as well as in R3/4; and see [14] for a detailed analysis of Delta expression). (e) Two models for the intersection of Notch and Ras signalling in R7 specification. CCC indicates uncommitted cells that are recruited by EGF receptor-mediated Ras signalling to the cluster. In the absence of Notch, these adopt the R1/6 fate (green). Ratchet model: Notch keeps cells competent (red; 7) to respond to a second Ras-mediated signal that then promotes R7 (blue) development. Combinatorial model: Notch cooperates with the Rasmediated signal to promote the R7 (blue) fate. [17, 18] ). However, there are two ways that Notch might operate, which we refer to as the ratchet and combinatorial models (Figure 4e ). It is likely that the recruitment of R1,6 and 7 is mediated through activation of the Drosophila epidermal growth factor (EGF) receptor/Ras signalling [19] [20] [21] . One possibility is that activation of Notch shortly after recruitment influences whether or not the cells are competent to receive a second Ras-mediated signal, via Sevenless activation (ratchet model). Notch activation has been proposed to prevent cells from differentiating, which would be compatible with this model if Notch activity in R7 were to delay its differentiation and so that it could respond to Sevenless. If Notch is acting in this manner, it would in fact be antagonising Ras signalling, even though the final outcome in terms of cell fates involves a combination of the two signals. An analogous ratchet mechanism might operate in vertebrate eye development, where Notch activity appears to regulate whether cells adopt earlier or later cell fates (for example, [22, 23] ).
Alternatively, Notch might act cooperatively with the Sevenless-dependent Ras signal in R7 (combinatorial model).
One prediction of this more proactive role for Notch signalling would be that certain R7-specific genes are direct targets of both Notch and Ras signalling, in which case their enhancers should contain binding sites for the transcription factors that mediate the activity of these pathways (that is, Su(H) and Pointed, respectively). Although our data clearly demonstrate that Notch activity is required in R7, and is sufficient to misdirect the fates of R1/6, it is not yet possible to distinguish between these two models for its function. This can only fully be resolved when the promoters of genes, such as pros and klingon, which are expressed in R7 but not R1/6 [16, 24] are analysed in detail.
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Additional methodological detail is available at http://currentbiology.com/supmat/supmatin.htm.
